The effects of rifampin and streptolydigin, inhibitors of ribonucleic acid (RNA) synthesis, on the production of F pili by Escherichia coli were studied by electron microscopy. The inhibition of RNA synthesis reduces the number of new pili produced by depiliated cells, but does not affect their length or the number of pili present at the time of inhibition or the retraction of pili. We suggest that the rifampin-sensitive step may be linked to the establishment of a site for pili production. Evidence is provided that chloramphenicol inhibits retraction. We suggest that retraction requires some protein whose pool size is limited.
F+ bacteria (male bacteria), whose F pili have been removed by mechanical means (blending) at cold temperatures, immediately begin to produce new pili when warmed to 37 C (1, 10). Within 5 min about 50% of the pili have returned, and most of them are of normal length (10) . Under certain conditions F pili rapidly disappear from the cell surface. These conditions include infection with filamentous phage (9) , incubation in the presence of sodium cyanide (NaCN) (11, 14) and arsenate (15) , and shifting the temperature from 37 to 25 C (11, 12) or from 37 to 50 C for 1 min (C. Novotny, unpublished data).
It was first suggested that pili disappear during M13 phage infection because they retract into the cell with the phage on their tips (9) . Short F pili, with phage on their tips, presumably in the act of retraction have been observed in the electron micrographs (6) . We suggest that the disappearance of pili in the presence of NaCN and at certain temperatures is also due to retraction (11, 14) . We also suggested that pili might elongate and retract continuously and that changes in average length and number of pili can be caused by conditions that upset the equilibrium between outgrowth and retraction (5) . Our studies of the outgrowth of F pili, and the results of others, show that outgrowth requires adenosine triphosphate (11, 13, 14) and temperatures from 25 to 50 C (11, 12; C. Novotny, unpublished data) and does not require the synthesis of protein or deoxyribonucleic acid (DNA) (14) . Although it is clear that the synthesis of DNA is not needed for the reappearance of pili, there is evidence that DNA may be involved. The evidence is that intense irradiation at 253.7 nm inhibits the reappearance and reduces the length of pili (13) , and, when 5-bromouracil incorporation into DNA is maximal, the modal length of pili doubles and the number of pili per cell is reduced by 50%. Elongation of pili on 5-bromouracil-grown cells is more sensitive to irradiation at 253.7 nm than pili on control cells, further suggesting that DNA is the sensitive target (5).
A requirement for ribonucleic acid (RNA) and the synthesis of RNA in the production of pili has not been determined. It has been reported that rifampin (Rif), which inhibits the initiation of RNA synthesis (4), does not inhibit the attachment of filamentous phage to pili (8) , suggesting that rifampin has no effect on existing pili. Since initiation of sex factor DNA synthesis requires RNA synthesis and is sensitive to rifampin (7) and DNA is implicated in pili production, it seems pertinent to determine whether the synthesis of RNA might not be required for the reappearance of F pili. In this study we used rifampin and streptolydigin, which are known to inhibit the synthesis of RNA (3, 4) , to determine whether RNA synthesis was required for the growth of pili. We present evidence that the synthesis of RNA is required for the establishment of either a functional site for pili production or the initiation of elongation of pili but is not required for elongation and retraction. We also present evidence that a protein is involved in retraction.
MATERIALS AND METHODS Bacteria and bacteriophages. F pili were studied on two strains of Escherichia coli K-12, PT3, an F'lac+/lac-thy-thr-leu-met strain, and PT3 Rif, a rifampin-resistant mutant, obtained by plating 101 bacteria on enriched plates containing 100 ,ug of rifampin per ml. R17 phage was used to label pili for electron microscopy.
Medium. Bacteria were grown in an enriched medium supplemented with thymine (ZT). The composition of this medium and the growth conditions employed have been described previously (5) .
Chemicals. NaCN, rifampin, chloramphenicol, and formaldehyde were obtained from Calbiochem (Los Angeles, Calit.). Streptolydigin was a gift from G. B. Whitfield of the Upjohn Co., Inc., Kalamazoo, Mich.
Kinetics of reappearance of F pili. Cultures, 50 to 100 ml in volume, containing 5 x 10' cells/ml in the exponential phase of growth were rapidly chilled to 0 C. F pill were removed by mechanical agitation (blending) of 50-ml samples at 0 C (12) . Samples (20 to 40 ml) of blended (depiliated) cells were centrifuged at 5,000 x g for 15 min at 0 C. The cell pellets were resuspended in the original volumes of homologous growth medium at 37 C with and without rifampin or streptolydigin and incubated aerobically at 37 C to allow for the growth of new pili. At indicated times, 1-ml samnples were removed to tubes containing 0.1 ml of 37% formaldehyde and rapidly chilled to 0 C, since either of these conditions will prevent further growth of F pili.
Preparation of samples for electron microscopy. Samples were prepared in the manner previously described (14) . All grids were negatively stained with 1% uranyl acetate and examined in an electron microscope (Phillips EM300) at an approximate magnification of 2,800x. Areas where cells were evenly distributed were photographed, and these micrographs were used to measure pili.
Measurement of F pili. F pili were assayed by electron microscopy. The effect of rifampin and streptolydigin on the average number of pili per cell and the average length of F pili was determined from electron micrographs in the manner previously described (5).
RESULTS
Sensitivity of F pili to rifampin and streptolydigin. Rifampin-sensitive PT3 cells and PT3 RifR cells were tested for their ability to grow new pili in the presence of different concentrations of rifampin (Fig. 1) . With PT3 cells, the number of F pili per cell at 10 min decreased to 32% of the control level as the amounts of rifampinn were increased up to 10 jug/ml. The rifampin-resistant mutant produced normal numbers of pili at all the concentrations tested. Another inhibitor of RNA synthesis, streptolydigin, was also effective in inhibiting the production of pili. Streptolydigin concentrations below 40 jug/ml were not effective, but when the concentrations were increased to between 40 and 100 jig/ml the number of (3), in addition to causing a reduction in the rates of RNA and total protein synthesis (3, 4, 16) . We used rifampin in further experiments at 50 ,g/ml, since that concentration yields maximal inhibition of pili and is in the range of biological effectiveness reported by others (8, 16 ). We did not test streptolydigin any further.
Because rifampin and streptolydigin are only known to inhibit RNA synthesis, these results suggest that RNA synthesis is needed to produce new pili after blending.
Kinetics of reappearance of F pili in the presence of rifampin. The effect of rifampin on the kinetics of reappearance of pili and the kinetics of elongation of pili is shown in Fig. 2 . Depiliated cells were allowed to grow new pili in ZT medium for 0, 3, and 15 min before rifampin was added (Fig. 2A) . When rifampin was added at 0 min, the number of pili per cell increased to about 39% of the control level by 5 The measurements of pili length, expressed medium, blended, and centrifuged at 0 C, and the the average length, so that pili.elongate' in .pellets were resuspended in ZT medium at 37 C with as t(e average length, show that pili elongate in (@) and without (0) rifampin (50 Ag/ml). NaCN, 10-2 the presence and absence of rifampin at the M (x), was added as indicated to portions of the culsame rate (Fig. 2B) . Therefore, we conclude ture that contained rifampin. Samples, taken at the inthat rifampin does not affect elongation. dicated times, were assayed for the number of F pili
Effect of rifampin and chloramphenicol on per cell.
inhibition of protein synthesis that eventually occurs when RNA synthesis is inhibited. This hypothesis was tested by repeating the experiment ghown in Fig. 3 , using chloramphenicol, an inhibitor of protein synthesis, instead of rifampin (Fig. 4) . Cells treated with chloramphenicol for 5 min lost about 73% of their pili 3 min after NaCN was added. This is not significantly different from the 90% loss of pili observed with control cells in the absence of chloramphenicol (data not shown). However, cells treated with chloramphenicol for 15, 25, and 30 min only lost 50, 11, and 12% of their pili 3 min after NaCN was added. As the ability to lose pili rapidly in the presence of NaCN was being lost, we conclude that retraction requires a protein that is depleted so that its effect on retraction becomes noticeable 5 to 15 min after protein synthesis is inhibited.
DISCUSSION
Our results show that rifampin causes a reduction in the number of new pili produced by cells whose pili were removed by mechanical means. Rifampin did not affect the length of pili or prevent them from disappearing quickly in the presence of NaCN. Streptolydigin also inhibits the appearance of new pili. Since rifampin and streptolydigin are only known to inhibit the synthesis of RNA (16), we conclude that RNA synthesis is required for the reappearance of pili but has no effect on existing pili. This is consistent with the report that rifampin does not inhibit the adsorption of M13 phage (8) . Since rifampin does not affect the number of pili already on the cell, it would not be expected to affect the tips of pili, which seem to be the adsorption site for filamentous phage (2) . The inhibition of retraction by chloramphenicol suggests that retraction requires a protein. We have no data to suggest how this protein functions in retraction; perhaps it is an enzyme needed to depolymerize pili.
How do these findings fit our proposal that pili are continuously moving in and out of the cell (5) 4 . Effect of NaCN on F pili produced in the presence of chloramphenicol. PT3 cells were prepared and exposed to 10-2 M NaCN as described in Fig. 3 , except that chloramphenicol at a final concentration of 500 usg/ml was used in place of rifampin. Symbols: A, with chloramphenicol; 0, without chloramphenicol. (Fig. 2) . Either our proposed model is wrong, or some rifampin-sensitive process is needed to restore new pili on cells after they have been blended but is not needed to maintain pili after they have reappeared. We suggest that the blending procedure we use may damage sites for pili production so that the new pili that appear after blending emerge from newly established sites. If the establishment of new sites is the rifampin-sensitive step, and if sites remain functional until they are damaged, then rifampin would not be expected to affect existing pili.
Our data do not allow us to determine the point where the synthesis of RNA is involved. Perhaps it is the synthesis of RNA that is needed to initiate F-sex factor DNA synthesis (7), and perhaps the DNA template for this synthesis is the DNA reported to be involved in the growth of pili (5, 14) .
